Improvements in maize (Zea mays L.) yields have been due to improvements in production inputs as well as to cultivars that have improved performance at low levels of inputs and the ability to respond to high levels of inputs used on today's farms. The objectives of this study were to estimate genetic rates of gain and inbreeding depression by evaluating populations representative of each of seven eras of maize breeding. Inbred lines representative of each of the six decades (eras) from 1930 to 1980 were intermated to produce six era populations. A seventh, pre-1930 era, was represented by the open-pollinated cultivars (OP) 'Reids Yellow Dent' and 'Lancaster Sure Crop' . These eight entries along with three check populations were evaluated in six Iowa environments. In addition, to assess changes in the rates of inbreeding depression, S 1 bulk populations of the six era populations and OP and S 2 bulks of the three check populations were also evaluated. The average genetic rate of gain for grain yield was 0.52 ± 0.04 Mg ha -1 era -1 when OP was included in the analysis. By assuming 10 yr per era, the yearly genetic rate of gain was 0.052 ± 0.004 Mg ha -1 . The rates of genetic gain for percentage of stalk lodging and grain moisture at harvest were −5.1 ± 0.5% era -1 and 0.44 ± 0.09% era -1 , respectively. The rate of inbreeding depression for yield increased steadily over eras, and the rate of inbreeding depression for Era 6 was double that for the OP. However, inbreeding depression as a percentage of the So mean showed no directional changes and was similar for all eras. These results indicate that breeders have been effective at selecting lines and hybrids with higher yields and resistance to lodging and the ability to produce higher yields under stress conditions. The increased rates of inbreeding depression for the more recent eras coupled with the increased performance of the S 0 and S 1 populations suggest that favorable allele frequencies were initially below 0.5 and have been increasing and]or that the more recent era populations are segregating at more loci. . These eight entries along with three check populations were evaluated in six Iowa environments. In addition, to assess changes in the rates of inbreeding depression, Sj bulk populations of the six era populations and OP and $2 bulks of the three check populations were also evaluated. The average genetic rate of gain for grain yield was 0.52 _+ 0.04 Mg ha-~ era-~ when OP was included in the analysis. By assuming 10 yr per era, the yearly genetic rate of gain was 0.052 + 0.004 Mg ha-J. The rates of genetic gain for percentage of stalk lodging and grain moisture at harvest were -5.1 + 0.5% era -j and 0.44 + 0.09% era -j, respectively. The rate of inbreeding depression for yield increased steadily over eras, and the rate of inbreeding depression for Era 6 was double that for the OP. However, inbreeding depression as a percentage of the So mean showed no directional changes and was similar for all eras. These results indicate that breeders have been effective at selecting lines and hybrids with higher yields and resistance to lodging and the ability to produce higher yields under stress conditions. The increased rates of inbreeding depression for the more recent eras coupled with the increased performance of the So and Sj populations suggest that favorable allele frequencies were initially below 0.5 and have been increasing and]or that the more recent era populations are segregating at more loci.
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ABSTRACT Improvements in maize (Zea mays L.) yields have been due to improvements in production inputs as well as to cultivars that have improved performance at low levels of inputs and the ability to respond to high levels of inputs used on today's farms. The objectives of this study were to estimate genetic rates of gain and inbreeding depression by evaluating populations representative of each of seven eras of maize breeding. Inbred lines representative of each of the six decades (eras) from 1930 to 1980 were intermated to produce six era populations. A seventh, pre-1930 era, was represented by the open-pollinated cnltivars (OP) 'Reids Yellow Dent' and 'Lancaster Sure Crop'. These eight entries along with three check populations were evaluated in six Iowa environments. In addition, to assess changes in the rates of inbreeding depression, Sj bulk populations of the six era populations and OP and $2 bulks of the three check populations were also evaluated. The average genetic rate of gain for grain yield was 0.52 _+ 0.04 Mg ha-~ era-~ when OP was included in the analysis. By assuming 10 yr per era, the yearly genetic rate of gain was 0.052 + 0.004 Mg ha-J. The rates of genetic gain for percentage of stalk lodging and grain moisture at harvest were -5.1 + 0.5% era -j and 0.44 + 0.09% era -j, respectively. The rate of inbreeding depression for yield increased steadily over eras, and the rate of inbreeding depression for Era 6 was double that for the OP. However, inbreeding depression as a percentage of the So mean showed no directional changes and was similar for all eras. These results indicate that breeders have been effective at selecting lines and hybrids with higher yields and resistance to lodging and the ability to produce higher yields under stress conditions. The increased rates of inbreeding depression for the more recent eras coupled with the increased performance of the So and Sj populations suggest that favorable allele frequencies were initially below 0.5 and have been increasing and]or that the more recent era populations are segregating at more loci.
Additionalindex words: Zea mays L., Corn, Genetic gains, Cultivar improvement, Population improvement. T HE INCREASES in maize (Zea mays L.) yields since 1900 have been impressive. Some of the improvements in yields have been due to improvements in inputs such as fertilizers, herbicides, insecticides, equipment, and management. However, improvements in maize yields have also been a result of improved genotypes that have increased performance at low levels of inputs and also have the ability to respond to high levels of inputs used on today's farms. It is difficult to separate the effects of improvements in inputs from genotypic improvements because both have changed with time. Another confounding factor has been a change in the type of maize cultivars grown commercially. Before 1930, predominantly open-pollinated 1930, 1950, and 1970 , and concluded that most of the improvement in grain yield had occurred between the decades of 1950 and 1970. They also evaluated F2's of the single-crosses from each decade to estimate inbreeding depression. They concluded that the increased inbreeding depression in grain yield observed for the hybrids from the 1970s was evidence that these hybrids were heterozygous at more loci affecting grain yield than were the hybrids of the previous two eras.
The objectives of this study were: (i) to estimate the genetic rates of gain from pre-1930 to the present by evaluating populations representative of each of seven eras of maize breeding; (ii) to estimate inbreeding depression for each of the seven eras of maize breeding; and (iii) to compare the performance of era populations with three broad-base populations developed at the Iowa Agriculture and Home Economics Experiment Station. are listed in Table 1 . The era populations were produced by one generation of intermating of single-cross hybrids. The single crosses mated within each era depended upon the availability of seed. Each line within an era contributed equally to the population with the following exceptions: lines I205, L289, and Os420 of Era 1 each contributed 16.7%; WF9 in Era 2 contributed 20%; and B45 in Era 4 contributed 25%. The six era populations and two OPs, along with three check populations BSSSC0, BS13(S)C4, and BSSS(R)C9, were cluded in Set 1 of the experiment.
MATERIALS AND METHODS

Genetic Materials
Set 2 of the experiment was included to estimate inbreeding depression in the era populations and OPs. Approximately 100 to 120 plants from each of the six era populations and two OPs were selfed, and the S~ populations were produced by bulking an equal quantity of seed from each self. Balanced bulks of random S_, lines were grown for BSSSCO, BS13(S)C3, and BSSS(R)C9. The $2 populations of the three checks were grown, because S~_ lines were being produced in the same year as the S~'s were being produced for the era populations and OPs. The estimate of inbreeding depression for the BS 13 population was not a direct comparison because the $2 bulk was generated from Cycle 3 rather than Cycle 4, which was evaluated in Set 1. One cycle of selection, however, was not expected to change the size of inbreeding depression appreciably because 20 lines were recombined.
Experimental Procedures and Data Collection
The experiment was evaluated in two sets of a replicationsin-sets design at four Iowa locations (Ames, Ankeny, Kanawha, and Martinsburg) in each of 2 yr (1983 and 1984) . randomized complete block design with three replications was used for each set. The Ankeny and Martinsburg locations were not harvested in 1983 because of drought during pollination. Fertilizer applications were 80 kg ha ~ of P205 and K_,O applied during the previous fall and 180 kg N ha-ã pplied before planting in the spring as urea. Plots consisted of two rows 5.40 m long with 0.76 m between rows. All plots were machine planted and harvested with no gleaning for dropped ears. Planted density was approximately 62 000 plants ha-~ with no thinning of stands. Data were obtained for grain yield (Mg ha-~) corrected to 15.5% moisture, grain moisture at harvest (%), stand (1000 plants ha-~), and centage of plants root and stalk lodged. Root and stalk lodging were recorded as the number of plants leaning greater than 30° from vertical and broken below the ear bearing node, respectively, and then converted to a percent by dividing by stand and multiplying by 100. Data for root and stalk lodging were not collected in 1984 at Martinsburg.
The data for the individual environments were analyzed as a replications-in-sets design and then combined over environments. All effects in the model were considered fixed except environments. The sums of squares for among entries
See Stringfield (1959).
within sets, environments × among entries within sets, and pooled error were partitioned into sources of variation due to among entries within Set 1 and among entries within Set 2. This partitioning was done to calculate tests of significance and standard errors separately for the noninbred and inbred materials. Regression analysis was used to assess the rate of change over eras for the So and S~ era populations (OPs and Eras 1 to 6). The Set 1 and 2 sums of squares for amongera populations and the among-era populations × environmental interaction were partitioned in the combined analysis by calculating the sums of squares due to linear, quadratic, and cubic regression and the deviations from regression. All regression analyses included the OPs. In the regression analysis, the OPs were designated as Era 0, which assumes the OPs represented a 1920s era.
Data from the two sets of the experiment were used to calculate three estimates of inbreeding depression for yield. The first measure was inbreeding depression in absolute units, calculated as the noninbred minus the inbred generation means. The standard error of inbreeding depression in absolute units was calculated as the square root of the sum of the variances of the inbred and noninbred generation means. The second was percentage of inbreeding depression, calculated as the noninbred minus the inbred generation means divided by the noninbred generation mean and multiplied by 100. The third measure was rate of inbreeding depression, calculated by dividing the difference between the noninbred and inbred generation means by the theoretical value of the inbreeding coefficient (F = 50.0% for S~ populations and 75.0% for S_~ populations).
RESULTS AND DISCUSSION
So Populations
Environmental yields ranged from 3.93 Mg ha-~ at Ames in 1983 to 4.93 Mg ha -t at Ankeny in 1984. Above average temperatures and below average rainfall caused below-average yields in 1983. The mean yield and coefficient of variation over environments were 4.40 Mg ha-~ and 17.4%, respectively. Means for root and stalk lodging were 7.2 and 27.1%, respectively. Generally, the incidence of root lodging was not great enough at any environment to detect differences among populations.
There were significant (P _< 0.05) differences among era populations for all traits except root lodging. The linear response among eras was significant for all traits except root lodging. The cubic effect was significant for stalk lodging, although the linear component accounted for 83.5% of the variation among era populations. The environments × era populations interaction was significant for root lodging. There were significant environments × linear interactions for yield, root lodging, and stalk lodging. The environments × quadratic interaction and environments × residual interaction were significant for root lodging. Era 6 yielded 100% more than the mean of the two OPs ( Table 2 ). The average linear genetic rate of gain was 0.52 + 0.04 Mg ha -~ era -t when the OPs were included in the analysis. Linear regression accounted for 97.5% of the variation among era populations for yield. By assuming 10 yr per era, the yearly genetic rate of gain was 0.052 + 0.004 Mg ha-t, which is smaller than rates reported by previous workers using different materials (Russell, 1984; Duvick, 1977 Duvick, , 1984 Castleberry et al., 1984) . However, our materials were grown at fertility levels and plant densities comparable to those currently used on the average farm in Iowa. The results of Russell (1984) , Duvick (1977 , 1984 ), and Castleberry et al. (1984 suggest that our genetic rates of gain would have been higher if the era populations were evaluated at optimum fertility levels and plant densities for each era. Furthermore, the evaluation of era populations does not reflect changes in the magnitude ofheterosis over eras. The genetic rates of gain reported in this study indicate that maize breeders have been effective at increasing the frequency of favorable alleles for yield.
The significant environments × linear interaction for yield indicates that the rate of linear response was dependent on environments. The rate of genetic gain for yield ranged from 0.33 _ 0.09 Mg ha -~ era -t at Martinsburg in 1984 (~ --5.11 Mg ha -t) to 0.66 +_ 0.08 Mg ha -I era -t at Kanawha in 1983 (~ = 4.14 Mg ha-t). This suggests an inverse relationship between the rate of genetic gain and the average yield of the environment. The environments were divided into two groups, three highest (~ --4.81 Mg ha -t) and three lowest (~ = 3.96 Mg ha-t), on the basis of the average yields of the environments. The average rates of genetic gain were 0.47 _+ 0.05 (R 2 = 92.1%) and 0.58 + 0.04 (R 2 = 98.4%) Mg ha-~ era-l for the high and low average yield environments, respectively. The difference between the average rates of genetic gain was significant at the 0.06 level, indicating that the more recent eras have the ability to produce higher yields under stress conditions. This conclusion was also reached by Russell (1974 Russell ( , 1984 , Duvick (1984) , Castleberry et al. (1984) . In their studies however, contrary to our results, the newer cultivars showed the greatest advantage under nonstress rather than stress conditions.
Population BSSSCO was developed in 1933 to 1934 (Era 1) (Sprague, 1946) but yielded similar to the 2 population. The 16 lines used to form BSSS were selected to have above average stalk strength; our resuits suggest that the lines also had above average yields. The incidence of stalk lodging in BSSSCO was similar to the Era 5 and 6 populations. The yields of BSSS(R)C9 and BS13(S)C4 were comparable to those of Eras 3 and 4, respectively. Recurrent selection in BSSSCO was initiated in 1939, and seven cycles of half-sib selection with the double-cross 'Ia13' as the tester and four cycles of St-S2 selection for yield have been completed to form BS13(S)C4 in 1982, after yr of selection. The total gain in these 44 yr was 1.08 Mg ha -t, or an average yearly gain of 0.025 Mg ha -~. Population BSSS(R)C9 represents nine cycles of reciprocal recurrent selection and 32 yr of maize breeding. The total gain in yield made in 32 yr was 0.53 Mg ha-~ for an average yearly gain of 0.017 Mg ha -t. The yearly genetic gains for these programs are 0.5 and 0.25 times as large as the gains reported for the era populations. However, evidence presented by Smith (1983) suggests that these yields have been depressed because of inbreeding resulting from small effective population sizes. A large portion of the lines included in Eras 3, 4, 5, and 6 was derived either directly from BSSSCO and advanced cycles of selection in BSSS or from BSSSrelated material. Lines B14A, B37, B73, B84, and N28 were derived directly from BSSSCO or advanced cycles, whereas B45, A632, and B88 were recoveries from crosses of other material with BSSS derived lines.
Grain moisture at harvest changed an average of 0.44 +_ 0.09% era-~, suggesting that either the reproductive period has lengthened, the rate of dry down has decreased, or the time to flowering has increased in the more recent eras (Table 2) . These results differed from the results of Russell (1984 Russell ( , 1985 , Duvick (1977 , 1984 ), and Castleberry et al. (1984 , who found change or a slight decrease in grain moisture at harvest. Meghji et al. (1984) reported an increase in grain moisture at harvest between the decades of 1950 and 1970, due primarily to the hybrid N28 × Mo17. The discrepancy between studies was probably due to the genotypes used to represent the eras. Our study included N28 as well as B77 and B79, which are known to flower late and have high harvest moistures. Russell (1985) and Meghji et al. (1984) reported that hybrids of more recent eras have a longer grain-filling period than hybrids of the earlier eras.
There were no significant differences among eras for root lodging (Table 2 ). There was, however, a decrease in percentage of stalk lodging of 5.1 _+ 0.5% era -~. Linear regression accounted for 83.5% of the variation among era populations for percentage of stalk lodging. Deviations from regression were significant, but fitting a higher order polynomial did not significantly im- prove the fit, suggesting that the residuals reflect random variation. These results were supported by previous studies, indicating that breeders have been effective at selecting lines and hybrids with higher yields and resistance to lodging. The 19% stalk lodging reported for Eras 5 and 6 suggests that further improvements in stalk lodging are still needed.
S~ Populations
There were significant differences among the Sl era population means and significant linear responses for all traits. The quadratic effect was significant for grain moisture. The environments × era populations interaction was significant for grain moisture and root lodging. The environments × linear interaction was significant for grain moisture and stalk lodging. There were significant environments × quadratic and environments × residual interactions for root lodging and grain moisture, respectively.
The changes over eras of the Sl population means were in the same directions as the changes in the means for the So populations (Table 3 ). There were no significant differences for yield among the Reid, Lancaster, and Era 1 populations, but each of the succeeding eras was significantly higher yielding than the previous era. The average genetic rate of gain for yield of the S~ populations was 0.38 _ 0.03 Mg ha -~ era -l, which was significantly smaller than the average genetic rate of gain for the So populations. Linear regression accounted for 95.0% of the variation among Sl era population means. Grain moisture at harvest increased an average of 0.51 _+ 0.10% era-~, similar to that reported for the So populations. The quadratic regression mean square was significant for grain moisture primarily because of the low grain moisture for Era 2. There were significant differences among the S~ era populations for root lodging with an average decrease of 1.0 _ 0.3% era-i. The deviations from linear regression were not significant, although linear regression accounted for little of the variation among era population means. The average decrease per era for stalk lodging was similar to that reported for the So era population means.
The $2 bulks ofBSSSCO, BS 13(S)C3, and BSSS(R)C9 performed similar to Eras 4, 5, and 6 for all traits. The $2 bulk of BSSSCO was the lowest yielding S~ or $2 population and also had the highest grain moisture at harvest.
Inbreeding Depression
Inbreeding depression for grain yield measured as the difference between the So and S i generation means was significantly greater than zero for all eras (Table  4) . Furthermore, the size of inbreeding depression for yield in absolute units increased steadily over eras. However, inbreeding depression as a percentage of the So mean showed no directional changes and was similar in size for all eras. The rate of inbreeding depression increased steadily over eras, and the rate of inbreeding depression for Era 6 was double that for the OPs. The rate of inbreeding depression is a function of allele frequency, directional dominance, and the number of segregating loci. By assuming two alleles per locus and directional dominance, the rate of inbreeding depression is maximum when allele frequencies are 0.5 and decreases as the allele frequency approaches 0 or 1. The increased rates of inbreeding depression observed for the more recent eras coupled with the increased performance of the So and S, era populations suggest that favorable allele frequencies were below 0.5 and have been increasing and/or that the more recent era populations were segregating at more loci.
The rate of inbreeding depression observed for BSSSCO was similar to the Era 2 population (Table  4) . The rates of inbreeding depression for BS 13(S)C4 and BSSS(R)C9 were considerably less than for BSSSCO. This indicates that either the average frequency of the favorable alleles in BSSS was greater than 0.5 or that the number of segregating loci in BS 13(S)C4 and BSSS(R)C9 was less than in BSSSCO. The number of segregating loci could be less because of evidence for fixation from genetic drift in BS 13(S)C4 and BSSS(R)C9 (Smith, 1983) .
